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ABSTRACT: We present an approach to tuning the multifunctionality of iron
oxide nanoparticles (IONs) using mixed self-assembled monolayers of cationic
lipid and anionic polyethylene glycol (PEG) lipid. By forming stable,
monodispersed lipid-coated IONs (L-IONs) through a solvent-exchange
technique, we were able to demonstrate the relationship between surface charge,
the magnetic transverse relaxivity (r2 from T2-weighted images), and the binding
capacity of small interfering ribonucleic acids (siRNAs) as a function of the
cationic-to-anionic (PEG) lipid ratio. These properties were controlled by the
cationic charge and the PEG conformation; relaxivity and siRNA binding could be
varied in the mushroom and brush regimes but not at high brush densities. In vitro
results combining cell viability, uptake, and transfection efficiency using HeLa cells
suggest that the functional physicochemical and biological properties of L-IONs
may be best achieved using catanionic lipid coatings near equimolar ratios of
cationic to anionic PEG−lipids.

■ INTRODUCTION

Iron oxide nanoparticles (IONs) can achieve multiple
therapeutic objectives including imaging, drug delivery, gene
therapy, and localized hyperthermia.1−5 Designing a common
ION capable of achieving multiple objectives requires design
parameters that relate the physicochemical properties of a ION
to their functionality. ION surface modification and ligand
composition are particularly important because they govern,
among many properties, the surface charge and the nature of
the hydration shell.6,7 These parameters, in turn, influence the
colloidal stability, the magnetic relaxivity or magnetic resonance
imaging (MRI) contrast,8−13 and the adsorption behavior of
therapeutic molecules such small interfering ribonucleic acid
(siRNA)14,15 of the IONs.
Nanoparticle ligands often include polyethylene glycol

(PEG), which is a hydrophilic biocompatible polymer used to
improve the blood circulation half-life and reduce nanoparticle
cytotoxicity.16−19 For IONs, PEG ligands also influence the
magnetic relaxivity, and mixed results have been reported.
IONs exhibit high transverse relaxivity (r2), or negative MRI
contrast (in T2 weighted images) that are due to the induced
ION magnetic dipolar field slowing the dipole relaxation rate of
protons (water) nears the ION surface. Tong et al.11 have
shown that PEG−lipids assembled on 14 nm superparamag-
netic IONs with low PEG molecular weights (up to 1000 MW)

yield high r2 values, while high PEG molecular weights (2000
and 5000 MW) yield low r2 values. Increases in r2 have also
been observed as the PEG molecular weight was increased from
300 to 750 MW over a range of ION diameters.9−11 A pair of
competing factors have been proposed: reduced water
diffusivity in PEG coatings with low molecular weights, leading
to high r2 values, and water exclusion from PEG coatings with
high molecular weights leading to low r2 values. The transition
between high and low r2 values with PEG molecular weight
remains an open question and is dependent upon ION size and
saturation magnetization.
ION relaxivity studies with PEG coating thickness have been

limited to single PEG ligand layers. However, mixed ligand
layers containing PEG ligands are commonly used to create
functional nanoparticles for biomedical applications.20−22 The
additional ligand component(s) can be used for adsorbing
molecules such as siRNA. IONs, in particular, have attracted
interest for directed siRNA delivery using a cationic lipid to
drive siRNA binding.14,15 IONs containing mixed PEG and
cationic ligand layers represent a unique system with which to
study the design parameters required to maximize multiple
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therapeutic objectives (in this case, MRI imaging and siRNA
delivery). Huang et al.13 have shown that 10 nm super-
paramagnetic IONs coated with 1,2-dioleoyl-3-trimethylammo-
nium-propane (chloride salt) (DOTAP) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine−N-[methoxy(polyethylene
glycol)-2000] (ammonium salt) (PEG2000−DSPE) at a ratio of
3:1 achieve high cellular uptake and can be used for MRI in
vivo. In this work, the mixed ligand composition was constant,
and the relaxivity mechanisms were not examined. Ligand
composition, specifically the ratio of cationic to PEG ligands, is
an important variable because it will control PEG conformation
and surface charge density. These parameters provide a new
approach to tuning magnetic relaxivity and siRNA binding.
We have employed a dual solvent exchange (DSE) method

to prepare monodispersed lipid-coated iron nanoparticles (L-
IONs) containing mixed layers of self-assembled cationic
DOTAP and 1,2-dimyristoyl-sn-glycero-3-phosphoethanol-
amine−N-[methoxy(polyethylene glycol)-2000] (ammonium
salt) (PEG2000−DMPE or PEG−lipid) as a function of the lipid
ratio. The phosphate group of DMPE possesses a negative
charge rendering an anionic PEG−lipid. As a result, coatings
with DOTAP/PEG−lipid mixtures are catanionic near the ION
surface, between lipid groups, with nonionic PEG groups
extending from the surface.
In addition to examining the physicochemical, siRNA

binding, and relaxivity properties of the L-IONs as a function
of the cationic-to-PEG−lipid ratio, we also examine cellular
uptake and siRNA transfection in vitro using L-IONs at
concentrations that did not reduce cell viability. Transfection
was performed with nontargeting fluorescent siRNA and siRNA
targeting FANCD2,23 which is one of the proteins involved in
the Fanconi anemia and BRCA responsible for the repair of
deoxyribonucleic acid (DNA) interstrand cross-links. DNA
repair is one mechanism of resistance to DNA cross-linking
chemotherapeutics.

■ RESULTS AND DISCUSSION

In the modified dual solvent exchange method, dimethyl
sulfoxide (DMSO; dielectric constant, ε = 46.7) acts as a
miscible solvent bridge between chloroform (ε = 4.8) and water
(ε = 80.1).24 Through DSE, hydrophobic oleic acid-coated
IONs (Figure 1a) were coated with self-assembled mixed
monolayers of cationic DOTAP and anionic PEG2000−DMPE
at different DOTAP-to-PEG2000−DMPE ratios. Cryo-trans-
mission electron microscopy (TEM) images of L-IONs at three
conditions (0, 15, and 50 mol % PEG−lipid) are shown in
panels b−d of Figure 1, respectively. Globule-like structures can
be seen extending from the L-MNP surface when PEG−lipid
was present. The structures observed are consistent with
previous cryo-TEM observations for PEG brushes on block
copolymer micelles.25

Effect of PEGylation on Physicochemical and Mag-
netic Properties. The dual solvent exchange method has been
shown to yield monodisperesed L-IONs coated with PEG−
lipid.24 We show that this method is also yields monodispersed
particles with cationic and anionic PEG and lipid mixtures.
Native IONs in chloroform had a number-averaged hydro-
dynamic diameter, DH, of 28.3 nm. For L-IONs in water, the
DH ranged from 30.9 to 34.6 nm across all PEG−lipid
concentrations (Figure 2a), equivalent to a lipid coating
thickness between 1.3 and 3.2 nm.
By varying the PEG−lipid concentration, a broad range of L-

ION surface charge could be obtained as depicted by the ζ
potential, which began at +64.8 mV (all DOTAP) and
decreased to −35.1 mV (all PEG−lipid; Figure 2a). A total
of three different regions were observed in the ζ: (i) a modest
decrease in ζ up to 25 mol % PEG−lipid, (ii) a significant
decrease in ζ and charge reversal between 25 and 50 mol %
PEG−lipid, and (iii) large negative ζ at and above 75 mol %
PEG−lipid. As the PEG−lipid concentration increases and the
anionic phosphate group in the PEG−lipid dominates the
surface charge.

Figure 1. L-ION formation and cryo-TEM analysis. (a) Dual solvent exchange process in which DMSO is used as a solvent bridge between
chloroform and water to control the self-assembly of the mixed ligand layer (DOTAP and PEG2000−DMPE). Chloroform was removed by rotary
evaporation, and DMSO was removed by centrifugal ultrafiltration. The TEM micrograph shows native IONs dried from chloroform. Representative
cryo-TEM micrographs of L-IONs at (b) 0 mol %, (c) 15 mol %, and (d) 50 mol % PEG2000−DMPE. PEG groups are visible as globule-like
structures on the L-ION surfaces at 15 and 50 mol % PEG2000−DMPE.
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In addition to changing the L-ION surface charge, the
presence of PEG−lipid altered the hydration shell and, in turn,
the magnetic proton relaxivity of water surrounding the IONs.
MRI measurements of relaxivity scanned at 3 T and 20 °C were
used to further reveal the structure of mixed ligand layers. The
transverse relaxivity (r2; negative MRI contrast) was examined
in agarose gels containing dispersed L-IONs and determined as:

= −r T T C(1/ 1/ )/2 2 2,water Fe (1)

where T2 is the transverse relaxation rate and CFe is the iron
concentration. The r2 values increased with PEG−lipid
concentration up to 50 mol % and then plateaued (Figure
2b). The increase in r2 suggests that the PEG coating did not
yield an impermeable shell as previously proposed for PEG-
coated superparamagnetic IONs.10,11 Rather, a denser hydra-
tion shell was present within the PEG layer, where the magnetic
field inhomogeneity caused by the L-IONs increased the
dephasing of bound water protons.
Compared with commercial iron oxide based contrast agents

(Feridex, r2 = 98.3 s−1 mM−1; Resovist, r2 = 151 s−1 mM−1; and
Ferumoxtran-10, r2 = 151 s−1 mM−1),26 L-IONs exhibited
lower to comparable transverse relaxivity at PEG−lipid
concentrations of ≥50%. Where L-IONs did outperform
commercial agents was in the ratio of r2 (negative contrast)
to the longitudinal relaxivity (r1, positive contrast). Longi-
tudinal relaxivity was only observed at 75 mol % and 100 mol %
PEG−lipid, and the ratio of r2 to r1 was 50 and 29, respectively.
r1 could not be measured below 75 mol % PEG−lipid.
Reported r2-to-r1 ratios for Feridex, Resovist, and Ferumoxtran-
10 exhibit are approximately 4, 5, and 6, respectively. L-IONs
exhibit greater negative contrast efficiency than these
commercial agents based on the higher r2-to-r1 ratios.

27

When relaxivity falls within the motional average regime
(MAR), also referred to as the outer-sphere theory, r2 values are
a function of ION size and the water diffusivity near the ION
surface, expressed as the translational diffusion time of a proton

across a ION (τD = d2/4D where d is the L-ION diameter and
D is the water diffusivity). A hydrated surface coating can give
rise to an effectivity water diffusivity that can lead to increases
in r2, i.e., proton diffusivity is slower near an ION and the
proton experiences increased dephasing by the ION magnetic
dipole.28 r2 can be determined as:29,30

τ ω= Δr v
16
45

( )D2 mat
2

(2)

where vmat is the iron molar volume derived from the volume
fraction of IONs within the sample and Δω is the angular
frequency shift of a proton at the ION equator. For the L-
IONs, vmat and Δω were dependent on the ION properties and
constant. r2 can therefore be expressed as r2 = CτD = C(d2/4D)
where C = (16/45)vmatΔω. From this expression, the effective
water diffusivity in the PEG layers (Deff) can be estimated by
assuming that the L-ION size is constant and that the water
diffusivity near a L-ION coated with DOTAP (no PEG−lipid)
is unaffected by the DOTAP coating (Table 1). These
assumptions yield the relationship (r2,DOTAP/r2) = (Deff /D)
where r2,DOTAP ∝ 1/D and r2 ∝ 1/Deff.

Based on Deff, water diffusion was hindered near the L-ION
surface as the PEG density increased up to 50 mol % PEG−
lipid, leading to higher r2 values (Figure 3). This finding

suggests that the PEG coating is not impermeable to water and
that it does not reduce the distance of closet approach between
a proton and the ION surface (compared to L-IONs with a
DOTAP coating) as reported for other PEG-coated magnetic
nanoparticles.11,31

The physicochemical and relaxation properties of the L-
IONs are dependent upon the structure of the mixed ligand
layer (specifically, the PEG−lipid density and conformation).
To estimate PEG−lipid conformation, the distance between
PEG−lipids on the L-ION surfaces (D) was initially calculated
based on the lipid ratio and the area-per-headgroup (A) for
DOTAP (0.65 nm2) and DMPE (0.52 nm2) (Figure 4).17,32

This assumes that PEG does not alter the packing of DMPE

Figure 2. L-ION properties as a function of the PEG−lipid
concentration. (a) Hydrodynamic diameter, DH, and ζ potential; (b)
transverse relaxivity, r2, measured by MRI at 3 T and 20 °C. Error bars
represent standard deviation for n ≥ 3, and the error bars not visible
are smaller than the symbol size.

Table 1. Transverse Relaxivity and Calculated Effective
Diffusivity

PEG−lipid (mol %) r2 (s
−1 mM Fe1−) Deff (10

−9 m2 s−1)

0 34.3 ± 2.1 2a

25 52.4 ± 0.8 1.31
50 61.4 ± 3.0 1.12
75 62.8 ± 0.3 1.09
100 63.8 ± 3.8 1.08

aWater diffusivity (D) at 20 °C, assumed to be unaffected by a
DOTAP coating.

Figure 3. Water diffusion near the L-ION surface when coated with
DOTAP or PEG−lipid. The PEG−lipid coating leads to an effective
(hindered) water diffusivity, Deff, compared to the DOTAP coating.
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within the monolayer, which is not correct at high PEG−lipid
concentrations, as discussed below.

Comparing D to the Flory radius (RF) indicates that the
mushroom to brush transition occurred at ∼10 mol %.
Measurements of D based on cryo-TEM at 15 mol % PEG−
lipid are in close agreement with the calculations and suggest
that the globule-like structures were PEG brushes. At 50 mol %
PEG−lipid a lower D was measured, consistent with a denser
PEG brush, but D was greater than the calculated value. Based
on the reported area-per-headgroup for PEG2000−DMPE in
which PEG is in a brush conformation (APEG = 1.26 nm2), the
maximum PEG−lipid packing that could be achieved would
occur when APEG = D. This condition corresponds to ∼57 mol
% PEG−lipid, above which additional PEG−lipid would not
“fit” within the coating due to steric hindrances. This is in
agreement with the plateaus observed for ζ potential and r2
above 50 mol % PEG−lipid.
Effect of PEGylation on siRNA Binding. L-ION

PEGylation leads to charge reversal and increased r2. These
properties are governed by PEG−lipid density and PEG
conformation, which should be reflected in siRNA binding.
With the use of a quenching assay with FAM-labeled siRNA

(Figure 5a), in which siRNA binding to cationic lipids causes
fluorescence quenching,33,34 the siRNA binding capacity closely
mirrored the ζ potential results and was driven by electrostatic
attraction at high DOTAP concentrations when PEG was in
mushroom (5 mol % PEG−lipid) and brush conformations (15
and 25 mol % PEG−lipid) (Figure 5b). In these mixed ligand
layers, electrostatic attraction dominated and PEG did not
prevent siRNA binding. Low siRNA binding was observed at
high PEG−lipid concentrations, and results from 50 to 100 mol
% were statistically the same, suggesting that the brushes were
saturated at these conditions (i.e., a dense brush in which brush
densities were similar near and above APEG = D). Reduced
siRNA binding with increased PEG concentration was expected
as PEG is known to reduce nonspecific surface adsorption.
Effect of PEGylation on Cell Viability, Uptake, and

Transfection in Vitro. L-IONs with mixed ligand layers
containing 0 to 50 mol % PEG−lipid exhibit high r2 and high

siRNA binding. The effects of these layers were examined in
HeLa human cervical carcinoma cells. Cell viability studies at 0,
15, and 50 mol % PEG−lipid demonstrated that only treatment
with L-IONs with 0 mol % PEG−lipid resulted in significant
loss of cell viability at L-ION concentrations greater than 5 ×
105 L-IONs per cell (Figure 6a). Cellular toxicity was reduced
with 5 mol % PEG−lipid and eliminated at 15 mol % PEG−
lipid over the L-ION concentrations examined.
The colloidal stability of L-IONs in cell culture media with

serum proteins (fetal bovine serum, FBS) was examined prior
to in vitro studies. FBS has been shown to adsorb onto
polymer-coated IONs independent of polymer charge,35 and
the presence of a protein corona can lead to aggregation, which
can impact cytotoxicity and cellular uptake.36 DLS studies were
conducted in cell culture media (Opti-MEM) in the absence
and presence of 10 wt % FBS (Figure 6b). L-IONs were
incubated with FBS for 30 min prior to analysis. Cationic L-
IONs at 0 mol % PEG−lipid exhibited aggregation in the
absence of FBS, indicating charge screening in Opti-MEM
resulting in aggregation. At 5, 15, and 50 mol % PEG−lipid, the
L-IONs there was no significant change in size as indicated in
the intensity-weighted distributions. The presence of FBS did
not cause the L-IONs to aggregate, and separate peaks
reflecting FBS can be seen in the DLS spectra.
Cellular uptake studies of L-IONs were performed by adding

1 mol % rhodamine lipid in the lipid coating for fluorescence
imaging (Figure 6c; untreated cells are shown in Figure 6d).
Overlaid bright-field and fluorescence images reflect the uptake
of all three L-IONs examined. At high DOTAP concentrations,
the L-IONs adsorbed onto the surface of the well plates, which

Figure 4. Theoretical PEG surface spacing, D, as a function of PEG−
lipid concentration. D is compared to the Flory radius, RF, and the
PEG2000−DMPE area-per-lipid, APEG. Theoretical mushroom and
brush regimes are shown; the gray region denotes where the lipid tails
intercalate with the oleic acid (not shown) on the ION surface. The
data points are based on cryo-TEM measurements of D. The standard
deviation is for n ≥ 10.

Figure 5. FITC−siRNA binding to L-IONs. (a) Fluorescence spectra
of free and bound FITC−siRNA as a function of PEG2000−DMPE
concentration. Fluorescence quenching of the emission peak (520−
530 nm) reflects binding. (b) FITC−siRNA binding based on
quenching as a function of PEG2000−DMPE concentration (1 μM
siRNA mM Fe1− = 238 μg mg Fe1−). The gray lines show the
calculated PEG2000−DMPE concentrations depicted in Figure 4 for the
mushroom-brush transition (∼10 mol % PEG−lipid) and when the
brush has a similar density (∼57 mol % PEG−lipid). Errors bars
represent the standard deviation for n = 3.
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may have been driven by aggregation and sedimentation.
Adding PEG−lipid reduced or eliminated the extent of L-ION
deposition within the well plates.
HeLa cell uptake and siRNA transfection was also examined

by confocal microscopy with nontargeting FITC−siRNA and
by Western blot to determine protein expression with siRN-
targeting FANCD2.23 Co-localization of L-IONs (red) and
FITC−siRNA (green) was observed for each L-ION examined
(Figure 7a). A direct relationship is observed between cellular
uptake and siRNA binding, normalized to 0 mol % PEG−lipid,
suggesting that both uptake and binding were driven by
electrostatic interactions (Figure 7b); a decrease in the ratio of
cationic to PEG lipids led to decreases in uptake and siRNA
binding.
A reduction of ∼80% was observed in FANCD2 protein

expression using DOTAP L-IONs (0 mol % PEG−lipid; Figure
7c). This reduction was comparable to that for Lipofectamine
2000. L-IONs with 15 and 50 mol % exhibited similar levels
protein knockdown of ∼25% and 40%, respectively (a
knockdown of ∼25% was also observed at 5 mol % PEG−
lipid). By comparing normalized protein knockdown (relative
to 0 mol % PEG−lipid) to cellular uptake and siRNA binding,
we observe that catanionic L-IONs with 50 mol % PEG−lipid
are able to achieve appreciable protein knockdown despite
exhibiting lower uptake and siRNA binding.

■ CONCLUSIONS

L-IONs with cationic, anionic, or catanionic lipid monolayer
coatings can be formed using a dual solvent exchange
technique. Because the technique yielded monodispersed L-
IONs, we were able to examine the ability to tune surface
charge, siRNA binding capacity, and magnetic relaxivity by
varying the cationic-to-PEG−lipid ratio. Results for relaxivity
and siRNA binding, where a trade-off was observed based on L-

ION charge, could be tied to PEG conformation. Relaxivity
(high) and siRNA binding (low) plateaued when a maximum
PEG brush density was calculated near 50 mol % PEG−lipid.
From these results and cell viability studies, an optimal range
from 15 to 50 mol % PEG−lipid was identified, and these L-
IONs were examined in vitro. At these PEG−lipid concen-
trations, the PEG adopted a brush conformation, and similar
transfection results were observed. The approach taken in this
work provides a more-complete picture of the interdependence
between L-ION multifunctionalities that are affected by coating
composition. Specific to this work, if the goal is to identify a
coating composition in which each functionality is retained at a
high level, the L-ION should be highly PEGylated with near
catanionic character (equimolar mixture of cationic and anionic
PEG−lipid).

■ EXPERIMENTAL PROCEDURES

Materials. DOTAP, PEG2000−DMPE, and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine−N-(lissamine rhodamine B
sulfonyl) (ammonium salt) (rhodamine−lipid) were purchased
from Avanti Polar Lipids (Alabaster, AL). Oleic acid coated 30
nm IONs were purchased from Ocean NanoTech (San Diego,
CA). Dimethyl sulfoxide (DMSO), agarose, 10× Tris−borate−
ethylenediaminetetraacetic acid (TBE) buffer, fetal bovine
serum (FBS), Opti-MEM Reduced Serum Media, Dulbecco’s
modified Eagle medium (DMEM), and Vivaspin 2 100 kDa
molecular weight cutoff centrifuge tubes (GE Health) were
purchased from Fisher Scientific (Suwanee, GA). Fluorescein
(FAM)-labeled negative control siRNA (21 base pairs) was
purchased from Shanghai GenePharma Co., Ltd. (Shanghai,
China). Sterile deionized ultrafiltered (DI) water at 18.2 mΩ
was used from a Millipore Direct-Q3 UV purification system
(Billerica, MA).

Figure 6. L-ION cytotoxicity and HeLa cell uptake. (a) Cell viability with L-IONs containing 0, 5, 15, and 50 mol % PEG−lipid. (b) Intensity-
weighted size distributions of L-IONs in the absence and presence of 10 wt % FBS in Opti-MEM. (c) Inverted fluorescence and (d) phase-contrast
microscopy images of L-ION-transfected HeLa cells and HeLa cells with no treatment, respectively. In panel c, L-IONs adsorbed to the well plate
surface were observed at 0 and 15 mol % PEG−lipid (open white arrows) but not at 50 mol % PEG−lipid.
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L-ION Formation. L-IONs were formed with DOTAP-to-
PEG−lipid ratios from 100:0 to 0:100 using a dual solvent
exchange method.24 Lipids and IONs were mixed in chloro-
form at a lipid-to-Fe weight ratio of 32:1 in a round-bottom
flask. For rhodamine-labeled L-IONs, rhodamine−lipid was
also added at 0.6 mol % of total lipids. DMSO, equal to four
times the volume of chloroform, was then added to the flask in
50 μL aliquots under bath sonication. The flask was gently
shaken for 30 min. Chloroform was removed by rotary
evaporation at room temperature (RT) at 200 mbar for 35
min and then 50 mbar for 30 min. DI water (2−3 mL) was
added at 0.2 mL min−1, and the samples were placed in
membrane centrifuge tubes and centrifuged at 20 °C and 7000g
for 30 min. DI water (1 mL) was then added to each tube using
pipet mixing to remove L-IONs from the membrane, and the
sample was centrifuged again. This was repeated twice before

the final L-IONs suspension was obtained. Excess lipids were
removed by centrifugation at 18516g for 15 min at RT. The
supernatant was removed and discarded, and the precipitate
was resuspended in the desired volume of DI water by vortex
mixing.

Cryogenic Transmission Electron Microscopy. L-IONs
were examined by cryo-TEM imaging. Specimens were
prepared by depositing a 5 μL sample onto a Quantifoil grid
composed of 200 square mesh copper grids suspended with 2
μm holey carbon (Electron Microscopy Sciences, Hatfield, PA).
The sample grids were robotically vitrified in liquid ethane
using a Vitrobot (FEI Company, Hillsboro, OR). Prior to
imaging, the vitrified grid was transferred to and stored in liquid
nitrogen. Imaging was performed in a liquid nitrogen cooled
stage (Model 915, Gatan Inc., Pleasonton, CA) at 200 kV using
a JEOL JEM-2100F TEM (Peabody, MA).

Figure 7. L-ION HeLa cell uptake, siRNA transfection, and protein expression. (a) Confocal microscopy images are shown for HeLa cells (stained
with DAPI, blue), L-IONs (stained with Rhodamine lipid, red), and siRNA (nontargeting FAM-labeled, green). The L-ION concentration was 5 ×
105 L-IONs per cell. Merged images show L-ION internalization and co-localization. (b) Comparison of cellular uptake, determined by fluorescence
intensity per HeLa cell, siRNA binding, and FANCD2 protein knockdown. (d) Western blot for FANCD2 protein expression in HeLa cells
transfected with control nontargeting siRNA or FANCD2-targeting siRNA using Lipofectamine 2000 or L-IONs with the indicated DOTAP-to-
PEG−lipid ratios. A total of 72 h following transfection, cells were harvested and proteins analyzed by immunoblotting with anti-FANCD2 and anti-
Tubulin antibodies.
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Dynamic Light Scattering. Number-averaged hydro-
dynamic diameter, DH, and ζ potential, e, was determined
using a Malvern Zetasizer Nano ZS (Worcestershire, United
Kingdom) equipped with a backscattering detector angle of
173° and a 4 mW, 633 nm He−Ne laser. ζ potential was
determined by combined Doppler electrophoretic velocimetry
and phase-analysis light scattering using folded capillary cells.
siRNA Binding. FAM-siRNA binding to L-IONs was

determined by fluorescence spectroscopy based on previous
studies that have shown that cationic lipids quench the
fluorescence of fluorophore-labeled siRNAs.33,34 Fluorescence
intensity was measured with a PerkinElmer Model LS 55
fluorescence spectrometer (Waltham, MA) with excitation and
emissions slit widths of 10 nm, a 1% attenuation filter, and
excitation and emission wavelengths of 494 and 516 nm,
respectively. For in situ measurements, Opti-MEM buffer was
first added to a quartz cuvette and the intensity, Ibuffer, was
recorded. FAM−siRNA was then added yielding IsiRNA. Finally,
L-IONs were added and the intensity, I(t), was integrated over
10 s intervals and recorded over 15 min. The percent of bound
siRNA was calculated as [IsiRNA − I(t)]/[IsiRNA − Ibuffer]. To
ensure that quenching was due to L-IONs, samples were then
transferred to centrifuge tubes and centrifuged at 6000g for 15
min to isolate bound (sediment) and unbound siRNA
(supernatant). The supernatant was analyzed ex situ and
compared to the in situ measurements.
MRI Relaxivity. L-IONs were suspended in 1% agarose at

concentrations of 1, 10, and 20 μg Fe3O4 mL−1 in 4 mL plastic
sample tubes. Agarose gels were prepared by mixing agarose
with 10× TBE buffer (diluted to 1X) in a flask on a hot plate
set to keep the gel at 80 °C until the agarose is completely
dissolved. The L-ION/gel sample was then vortexed and stored
at 4 °C until analysis.
The magnetic relaxivity of L-IONs was measured using a

Siemens Prisma 3T scanner. Samples were placed in a 64
channel head receive array and scanned using spin echo (for
assessment of r2). Cross-section images of the vials were
obtained with voxel size of 0.78 mm and slice thickness of 4
mm. Repetition time was 2400 ms for all sequences. For the
spin echo acquisition, 24 echoes were collected over the range
of 9−216 ms (9 ms steps). The inversion recovery data were
taken with inversion times of 100, 200, 300, 400, 600, 1000, and
1500 ms. Relaxation time constants were determined using a
nonlinear least-squares fit for pixel intensity as a function of
echo time for r2 and as a function of inversion time for r1.
Nonlinear least-squares fitting routines with three parameters
(M0, T1,2, and DC offset) were used to take into account offset
effects from noise and detector calibration. Relaxivity was
calculated as a linear fit of relaxation rates to Fe concentration.
Cytotoxicity Assay. HeLa cells were plated at a density of

10 000 cells in a 96-well dish. A total of 24 h later, cells were
treated with varying concentrations of L-IONs. After 48 h,
CellTiter 96 AQueous One Solution Reagent (MTS) (Promega)
was added directly to the wells, cells were incubated with
shaking for a further 2 h, and the absorbance at 490 nm was
measured using a 96-well Bio-Rad 680 microplate reader.
Percentage survival was calculated in relation to untreated cells.
siRNA Delivery. A single day prior to transfection, HeLa

cells were plated at a density of 150 K per well in 6-well dishes
or 20 000 per chamber slide for confocal microscopy. The
following day, 5 × 105 L-IONs per cell were incubated with
Opti-MEM for 15 min at RT. siRNA with the following sense
and antisense sequences were incubated with Opti-MEM to a

final concentration of 200 nM for 15 min, FAM−siRNA
(GenePharma) 5′-UUCUCCGAACGUGUCACGUTT-3′, and
5′-UUACGUGACACGUUCGGAGAA-3′, siFANCD2 (Dhar-
macon) 5′-CAGCCUACCUGAGAUCCUA-3′ and 5′- UAG-
GAUCUCAGGUAGGCUG-3′ or nontargeting siCtrl (Dhar-
macon) 5′- UAACGACGCGACGACGUAA-3′ and 5′-UUAC-
GUCGUCGCGUCGUUA-3′. L-ION/OptiMEM and siRNA/
Opti-MEM mixtures were added together and incubated for 15
min at RT and added to cells. Cells were returned to 37 °C for
8 h. DMEM complete was added to cells and they were
returned to the incubator. Fluorescent imaging of live cells was
taken 24 h after transfection with a Zeiss Axio Imager A1 and
Vision Rel. 4.6, Dell Optiplex 735. For confocal microscopy,
cells were fixed with 4% paraformaldehyde and 2% sucrose for
15 min, permeabilized with 0.3% v/v Triton-X-100 in PBS,
counterstained with DAPI (406-diamidine-2-phenylindole
dihydrochloride), and imaged with a Zeiss Axio Imager M2
with Zeiss ZEN 2011 software. For siRNA knockdown, media
was replaced after 24 h, and cells were allowed to grow for 72 h
post-transfection. Cells were harvested and lysed in 2% sodium
dodecyl sulfate (SDS) lysis buffer (50 mM Tris·Cl, pH 7.5, 10
mM EDTA, 2% v/v SDS). Proteins were resolved on NuPage
3−8% w/v Tris−acetate or 4−12% w/v Bis−Tris gels
(Invitrogen) and transferred to polyvinylidene difluoride
membranes, followed by immunoblotting with anti-FANCD2
(NB100−182, Novus Biologicals) and anti-Tubulin (MS-581-
PO, Lab Vision) antibodies.
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